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IN A VARIETY OF CHRONIC lung diseases, the pulmonary circulation is exposed to prolonged periods of hypoxia, often resulting in the development of pulmonary hypertension. Numerous studies have described the structural and functional changes that occur in the pulmonary circulation in response to chronic hypoxia (60) . Structural remodeling, characterized by pulmonary arterial smooth muscle cell (PASMC) proliferation, intimal thickening, and extension of muscle into previously nonmuscular arterioles, is commonly observed with pulmonary hypertension (23, 40) . Changes in the vascular wall are accompanied by active contraction of vessels, evidenced by acute reduction in pulmonary arterial pressure in response to vasodilatory agents (42, 44) . These pulmonary vascular changes result, in large part, from altered expression of genes encoding ion channels and transporters that control PASMC ion homeostasis, including increased expression of Na ϩ /H ϩ exchanger isoform 1 (NHE1) and the canonical transient receptor potential (TRPC) family members TRPC1 and TRPC6, as well as reduced levels of mRNAs encoding voltage-gated K ϩ (K V ) channel family members K V 1.5 and K V 2.1 (22, 48, 61, 63) .
We have demonstrated a key role for the transcription factor, hypoxia-inducible factor-1 (HIF-1), in the development of hypoxic pulmonary hypertension (1, 48, 49, 61, 70) . HIF-1 exists as a heterodimer, consisting of HIF-1␣ and HIF-1␤ subunits. HIF-1␤ is ubiquitously expressed, whereas expression of HIF-1␣ is tightly regulated by oxygen tension, thus conferring sensitivity and specificity for hypoxic induction (26, 69) . While HIF-1␣ mRNA transiently increased within 30 min of exposure to 7% O 2 in mouse lung (64), HIF-1␣ is also subjected to posttranslational regulation. Under normoxic conditions, human HIF-1␣ protein is ubiquitinated by a mechanism requiring hydroxylation at proline residue 403 and/or 564, which is catalyzed by prolyl hydroxylase domain (PHD) proteins with molecular O 2 as a substrate (25, 27) . Although four PHD isoforms have been identified, only PHD1-3 hydroxylate HIF-1␣, with data suggesting that PHD2 is the primary isoform responsible for in vivo hydroxylation of HIF-1␣ (2, 4, 39) . At reduced O 2 concentrations, PHD activity decreases, with almost complete inhibition below 2% O 2 (16) , resulting in rapid stabilization of HIF-1␣, which then translocates into the nucleus, binds HIF-1␤, and recruits coactivators to increase the transcription of hundreds of genes. PHD1-3 are expressed in a variety of tissues (58) , although the isoforms expressed in PASMCs have not been determined. HIF-1 activity is also controlled by factor inhibiting HIF-1 (FIH-1), an asparaginyl hydroxylase that regulates the transactivation function of HIF-1␣ (34) .
HIF-1 mediates its effects in the hypoxic pulmonary circulation, in part, via regulation of NHE1, TRPC1, TRPC6, K V 1.5, and K V 2.1 expression (48, 49, 61, 63) . Recently, we reported that the HIF-1-dependent effects of hypoxia on K V channel expression were mediated by the vasoactive peptide, endothelin-1 (ET-1) (63) , which is encoded by a HIF-1 target gene that is upregulated during hypoxia (8, 24, 35, 66) . Hypoxia increases ET-1 synthesis and secretion from several cell types (24, 30) , including PASMCs (63) , and treatment with an ET-1 receptor antagonist prevents and reverses the development of hypoxic pulmonary hypertension in animal models (6, 11, 14) and has beneficial effects in patients (56) . Although we initially speculated that the effect of ET-1 on K V channel expression would be downstream of HIF-1, recent publications describing activation of HIF-1 by ET-1 in tumors suggested that the reverse might also be true (53, 54) . Thus, in this study, we tested the hypothesis that upregulation of HIF-1 in PASMCs during moderate hypoxia is augmented by ET-1 and determined the downstream signaling mechanisms involved.
METHODS
All protocols were reviewed and approved by the Johns Hopkins University Animal Care and Use Committee.
In vivo hypoxic exposure. Adult male Wistar rats (250 -350 g) were placed in a hypoxic chamber for 3 wk, as previously described (61) . The chamber was constantly flushed with room air to achieve low CO 2 concentrations (Ͻ0.5%) and a servo-control system (PRO-OX, RCI Hudson, Anaheim, CA) continuously monitored O2 levels inside the chamber and injected 100% N2 as needed to maintain 10 Ϯ 0.5% O2. Animals were removed from the chamber twice a week (Ͻ5 min) to replenish food and water supplies and to clean the cages. Normoxic animals were kept in room air on a rack adjacent to the chamber. All animals were allowed free access to food and water. In a separate series of experiments, animals were subjected to normoxia (room air) or hypoxia [inspired O 2 fraction (FIO 2 ) ϭ 10%] for 24 h. In these experiments, rats were injected with BQ-123 (1 mg/kg ip) or an equal volume of saline 15 min before being placed in the hypoxic chamber. Because of the short half-life of circulating BQ-123 (55), rats were given a second injection of BQ-123 or saline at 10 h. The concentration of drug and route of administration were chosen based on methods described in the literature (12) .
Isolation of arterial smooth muscle cells. The methods for obtaining primary cultures of rat PASMCs have been previously described (61, 63) . Animals were anesthetized with pentobarbital sodium (130 mg/kg ip) before the heart and lungs were removed en bloc. Intralobar pulmonary arteries (200 -600 m OD) were dissected and cleaned of connective tissue in cold HEPES-buffered saline solution (HBSS) containing (in mM) 130 NaCl, 5 KCl, 1.2 MgCl 2, 10 HEPES, and 10 glucose with pH adjusted to 7.2 with 5 M NaOH. The arteries were cut open longitudinally and the lumen was gently rubbed with a cotton swab to remove the endothelium. Cleaned arteries were allowed to recover for 30 min in cold (4°C) HBSS followed by 20 min in reduced-Ca 2ϩ HBSS (20 M CaCl2) at room temperature. Following recovery, the tissue was incubated for 20 min at 37°C in reducedCa 2ϩ HBSS containing collagenase (type I; 1,750 U/ml), papain (9.5 U/ml), bovine serum albumin (2 mg/ml), and dithiothreitol (1 mM). Single smooth muscle cells were dispersed by gentle trituration of the tissue in Ca 2ϩ -free HBSS. For aortic smooth muscle cells (AoSMCs), a segment of thoracic aorta was cleaned and digested as described above except that the digestion time was increased to 40 min. For intracellular Ca 2ϩ concentration ([Ca   2ϩ ]i) and reactive oxygen species (ROS) measurements, the cell suspension was placed on glass coverslips. Cells were cultured in Ham's F-12 media supplemented with 0.5% fetal calf serum and 1% penicillin-streptomycin for 24 -48 h. For all other experiments, cells were plated in tissue culture dishes containing Ham's F-12 media supplemented with 10% fetal calf serum and 1% penicillin-streptomycin until 80% confluent (3-5 days). Cells were then placed in low-serum media (0.5% FCS) for 24 h before beginning exposures.
Ex vivo exposure to hypoxia. PASMCs were exposed to hypoxia ex vivo by placing cells in an airtight chamber (Billups-Rothberg) gassed with 4% O 2-5% CO2. The chamber and the normoxic control plates were placed in an incubator at 37°C. Initial experiments were performed with a hand-held oxygen monitor (model 5577; Hudson RCI) to assure that the chamber was able to sustain the desired level of hypoxia for a minimum of 48 h. For experiments longer than 48 h in duration, the chamber was reflushed at 36 -48 Real-time (45) . PCR detection threshold cycle (C T) values for each plate were calculated by using iCycler software and the efficiency of each primer pair was determined from a five-point standard curve for each gene of interest. Data were expressed as a ratio of gene of interest to housekeeping gene (cyclophilin B) within a sample.
Immunoblotting. Tissue was homogenized and cells were lysed in cold lysis buffer containing (in mM) 30 HEPES, 100 NaCl, 1 EGTA, 50 NaF, 1 benzamidine, and 1 phenylmethylsulfonyl fluoride with 1% Triton X-100 and 5 g/ml each leupeptin and aprotinin. For analysis of HIF-1␣, lysates were clarified by centrifugation at 15,000 g for 10 min at 4°C. The supernatant was removed, assayed for total protein content (Pierce), incubated with antibodies overnight at 4°C, and sedimented with protein A-Sepharose for 2 h. The nuclear pellet was obtained by centrifugation, washed, and resuspended in SDS-PAGE buffer. For all other proteins, total protein samples were homogenized by sonication before being assayed for total protein content. Proteins were fractionated by SDS-PAGE and transferred to polyvinylidene difluoride membranes, which were probed with appropriate primary and secondary antibodies and visualized by enhanced chemilumines- cence (ECL). The primary antibodies used were PHD2 (Novus Biologicals), smooth muscle-specific ␣-actin (Sigma); phosphorylated and total ERK1/2 (Cell Signaling), and HIF1-␣ (Abcam). For all experiments, membranes were probed for the protein of interest, stripped, and reprobed for the housekeeping protein (actin; loading control).
EMSA. A commercially available kit (Panomics) was used according to the manufacturer's instructions. Nuclear extracts were incubated with probe at room temperature for 30 min. Samples were then fractionated by 6% PAGE and transferred to nylon membranes. At the end of transfer, membranes were baked for 1 h and then placed in a UV cross-linker for 3 min to immobilize bound oligonucleotides. Membranes were blocked, incubated with streptavidin-horseradish peroxidase, and visualized by ECL.
Drugs and solutions. Ca 2ϩ -free KBR contained (in mM) 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 25 NaHCO3, 10 glucose, 1.2 KH2PO4, and 1 EGTA. ET-1 and BQ-123 were obtained from American Peptides (Sunnyvale, CA). Nifedipine was obtained from Calbiochem (La Jolla, CA). Fura 2, H 2DCFDA, and BAPTA-AM were obtained from Molecular Probes (Eugene, OR). All other reagents were obtained from Sigma Aldrich (St. Louis, MO). Stock solutions of BQ-123 (10 mM in deionized H 2O), ET-1 (10 Ϫ5 M in deionized H2O), and PD98059 (10 mM in DMSO) were prepared, divided into aliquots, and stored at Ϫ20°C until used. Nifedipine stock solution (10 mM in 2:10 ethanol-KRB) was prepared on the day of the experiment. Stock solution of H 2DCFDA (20 mM in DMSO) was prepared, aliquoted, and stored under argon at Ϫ20°C. Stock solutions of BAPTA-AM (50 mM in DMSO), 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL; 10 mM in ethanol), and diphenyleneiodonium (DPI; 10 mM in DMSO) were prepared fresh for each experiment. All stock solutions were diluted to working concentrations in perfusate or media.
Data analysis. All values are expressed as means Ϯ SE. For all experiments, cells isolated from different animals were used; thus n refers to both the number of independent experiments and the number of animals. , and PHD3 mRNA levels in PASMCs exposed to ET-1 (48 h; 10 Ϫ8 M). B and C: real-time RT-PCR was used to measure PHD2 mRNA levels in PASMCs exposed to ET-1 (10 Ϫ8 M) at different time points (B; n ϭ 3-4) and different concentrations of ET-1 for 48 h (C; n ϭ 3). D and E: PASMCs were exposed to 10 Ϫ8 M ET-1 at different time points (D; n ϭ 3-4) or for 48 h at different concentrations (E; n ϭ 4) and immunoblot assays for PHD2 protein were performed. F: representative images and bar graph (n ϭ 3) showing factor inhibiting HIF-1 (FIH-1) mRNA levels measured in PASMCs exposed to ET-1 (10 Ϫ8 M; 48 h). For all bar graphs, mean Ϯ SE values are shown. Data are normalized to cyclophilin B or actin for mRNA and protein, respectively, and expressed relative to control. *P Ͻ 0.05 vs. control.
Holms-Sidak post hoc test to determine differences between groups. A P value Ͻ0.05 was accepted as statistically significant.
RESULTS

Effect of ET-1 on HIF-1 activity in PASMCs.
In nuclear extracts from PASMCs exposed to ET-1 (10 Ϫ8 M), HIF-1␣ protein levels increased in a time-dependent manner. As previously described (69), a faint band for HIF-1␣ was observed under nonhypoxic conditions in untreated cells, with no significant increase in HIF-1␣ after 4 h of incubation with ET-1 (Fig. 1A) . By 24 h, HIF-1␣ protein levels were increased almost twofold, with a further increase observed at 48 h. The increase in HIF-1␣ protein levels correlated with increased HIF-1 transcriptional activity, since EMSA showed increased HIF-1 DNA-binding activity in cells treated with ET-1 (Fig. 1B) , as well as increased mRNA levels of several HIF-1 target genes (GLUT1, NHE1, and TRPC1) and decreased expression of K V 1.5 mRNA (Fig. 1C) , which we have previously demonstrated was inhibited in a HIF-1-dependent manner. Since the increase in HIF-1␣ protein levels in PASMCs exposed to ET-1 was not immediate, as occurs when PHD activity is acutely inhibited under hypoxic conditions, we investigated the effect of ET-1 treatment on HIF-1␣ mRNA expression. ET-1 caused a time-dependent increase in HIF-1␣ mRNA levels (Fig.  1D) . Consistent with the effects of ET-1 on HIF-1␣ protein, no induction of mRNA was observed at 4 h. At 24 h, HIF-1␣ mRNA increased twofold, but the increase did not reach statistical significance (P ϭ 0.08), whereas an almost 10-fold increase was observed at 48 h. Application of different concentrations revealed that ET-1 was a potent stimulator of HIF-1␣ mRNA levels, with a marked increase observed at concentrations as low as 10 Ϫ10 M (Fig. 1E) . These results indicate that ET-1 induces an accumulation of HIF-1␣ protein under nonhypoxic conditions in PASMCs by a mechanism that includes increased HIF-1␣ mRNA levels.
Effect of ET-1 on PHD expression in PASMCs. HIF-1␣ is also subjected to posttranslational regulation and increasing HIF-1␣ synthesis alone would not necessarily increase HIF-1␣ protein expression in the absence of reduced PHD activity. Since an acute reduction in PHD activity appeared unlikely, given the late onset of HIF-1␣ protein accumulation, we investigated the effects of ET-1 on PHD expression in PASMCs. An initial screen of PHD isoforms revealed that PASMCS express PHD1, PHD2, and PHD3 mRNA (Fig. 2A) . Even with use of nonquantitative, conventional PCR, decreased expression of all three mRNAs was evident in response to ET-1. Since PHD2 has been suggested to be the primary regulator of HIF-1␣ stability under nonhypoxic conditions in vivo (4), we concentrated on defining the effects of ET-1 on PHD2 expression. We found that ET-1 caused a time- (Fig. 2B ) and concentration-( . D: HIF-1␣ protein accumulation in response to short-term, severe hypoxia (4 h; 1% O2) in the absence and presence of BQ-123. Data are normalized to cyclophilin B or actin for mRNA and protein, respectively, and expressed relative to 20% O2. *P Ͻ 0.05 from 20% O2. E: HIF-1␣ mRNA levels in endothelium-denuded pulmonary arteries from rats treated with either saline (vehicle; n ϭ 4 each) or BQ-123 (1 mg/kg; n ϭ 3-4 each) and exposed to normoxia (room air) or hypoxia (FIO 2 ϭ 10%) for 24 h. F: PHD2 mRNA levels in endothelium-denuded pulmonary arteries from normoxic and hypoxic rats treated with either saline (n ϭ 4 each) or BQ-123 (n ϭ 3-4 each). mRNA data for HIF-1␣ and PHD2 are normalized to 18s and expressed relative to saline-treated normoxia. *P Ͻ 0.05 from saline-treated room air. For all bar graphs, mean Ϯ SE values are shown.
M and with greater than 24 h of exposure. Similar time-and concentration-dependent effects of ET-1 were observed with respect to PHD2 protein expression (Fig. 2, D and E) . ET-1 had no effect on FIH-1 mRNA levels (Fig. 2F) . A: immunoblots and mean data (bar graph) from PASMCs challenged with ET-1 (10 Ϫ8 M; 30 min) in the absence (n ϭ 4) or presence of nifedipine (Nifed; n ϭ 3), PD98059 (PD; 10 mM), TEMPO (n ϭ 3), or DPI (n ϭ 3). ERK1/2 phosphorylation was measured by immunoblot using a phosphospecific anti-ERK1/2 antibody, normalized to total ERK, and expressed relative to control (Con; untreated cells). B and C: real-time RT-PCR data for HIF-1␣ and PHD2 mRNA levels in PASMCs challenged with ET-1 (48 h; 10 Ϫ8 M) under control conditions, or in the presence of nifedipine (n ϭ 4), PD98059 (n ϭ 4), TEMPO (n ϭ 3), or DPI (n ϭ 3). Data are normalized to cyclophilin and expressed relative to untreated cells. For all bar graphs, mean Ϯ SE values are shown. *P Ͻ 0.05 vs. control (Con). synthesis and decreasing PHD2 levels. ET-1 secretion increases rapidly in response to hypoxia, likely due to release from preformed pools, and is maintained by HIF-1-dependent transcription of ET-1 mRNA (24, 63). Thus we next determined whether ET-1 was involved in the activation of HIF-1 in PASMCs during moderate hypoxia. We found that short-term (4 h) exposure of PASMCs to severe (1% O 2 ), but not moderate (4% O 2 ), hypoxia resulted in increased HIF-1␣ protein levels (Fig. 3A) , suggesting that moderate hypoxia was not sufficient to inhibit PHD activity and induce HIF-1␣ stabilization in cultured PASMCs. However, when the challenge with moderate hypoxia was prolonged (60 h), HIF-1␣ mRNA and protein levels were significantly increased and were correlated with decreased PHD2 mRNA and protein levels (Fig. 3, B  and C) . To test whether in vivo exposure to hypoxia induced similar changes in the HIF system, distal pulmonary arteries were isolated from chronically hypoxic rats and the endothelium removed to provide a preparation that is mainly smooth muscle. In vivo exposure to hypoxia also increased HIF-1␣ and decreased PHD2 mRNA levels (Fig. 3D) . Although the short half-life prevented the determination of HIF-1␣ protein levels in the pulmonary arteries of chronically hypoxic animals, PHD2 protein expression was decreased to 69.9 Ϯ 9.8% of normoxic levels (Fig. 3E) , indicating that similar changes are induced by exposure of PASMCs to physiological levels of hypoxia ex vivo and in vivo.
Role of ET-1 in activation of
We next investigated whether ET-1 was required for the induction of HIF-1␣ expression in PASMCs exposed to moderate hypoxia. Cells were pretreated with the well-characterized, highly selective ET A receptor antagonist, BQ-123 (10 Ϫ6 M), for 30 min prior to exposure to hypoxia (4% O 2 ; 60 h). BQ-123 had no effect on basal HIF-1␣ protein levels but prevented the induction of HIF-1␣ RNA and protein by hypoxia (Fig. 4, A and B) , as well as the downregulation of PHD2. In addition, BQ-123 prevented the hypoxia-induced changes in HIF-1 target gene expression (Fig. 4C) , indicating that activation of ET A receptors was critical for the activation of HIF-1 in isolated PASMCs exposed to moderate hypoxia. In contrast to results obtained with moderate hypoxia, BQ-123 had no effect on accumulation of HIF-1␣ protein during severe hypoxia (1% O 2 ; 4 h) (Fig. 4D) . To test whether ET-1 was involved in the hypoxia-induced changes in HIF-1␣ and PHD2 mRNA observed in vivo, rats were treated with saline or BQ-123 and exposed to hypoxia for 24 h. In saline treated animals, exposure to hypoxia increased HIF-1␣ and decreased PHD2 mRNA levels (Fig. 4, E and F) . In animals treated with BQ-123, no significant differences in HIF-1␣ or PHD2 mRNA levels were observed with hypoxia.
Role -free solution (Fig. 5D) . In PASMCs loaded with the oxidant-sensitive dye H 2 DCF-AM, application of ET-1 also caused a concentration-dependent production of ROS (Fig. 5, B  and C) , which could be prevented by pretreating cells with the antioxidant TEMPOL (10 M) or the oxidase inhibitor DPI (10 M) (Fig. 5E) . Inhibition of the ET-1-induced change in [Ca 2ϩ ] i by treatment with BAPTA or nifedipine, or by removal of extracellular Ca 2ϩ also blocked the increase in ROS levels in response to ET-1 (Fig. 5E ). In contrast, reduction of ROS levels by treatment with TEMPOL or DPI had no significant effect on the ET-1-induced increase in [Ca 2ϩ ] i (Fig. 5D) , suggesting that ROS production occurs secondary to Ca 2ϩ influx through VGCCs. Finally, we investigated the effect of ET-1 on ERK1/2 activation. Consistent with previous reports (57, 67), we found that ET-1 increased phosphorylation of ERK1/2 in PASMCs (Fig. 6A) . The effect of ET-1 on ERK activation was blocked by pretreating cells with nifedipine to block VGCCs, with TEMPOL or DPI to reduce ROS levels, or by PD98059 (10 M) to inhibit ERK1/2 activation. In PASMCs pretreated with PD98059, nifedipine, TEMPOL, or DPI, the ET-1-induced expression of HIF-1␣ mRNA and decreased expression of PHD2 mRNA was markedly inhibited (Fig. 6, B and C) .
Effect of ET-1 on AoSMCs. Many of the effects of hypoxia on PASMCs are not found in smooth muscle from systemic arteries, including the aorta. To test whether this could be a function of differential regulation of HIF-1␣ between pulmonary and systemic vascular smooth muscle, we determined the effects of hypoxia and ET-1 on HIF-1␣ and PHD2 in AoSMCs. In contrast to the results obtained in PASMCs, exposing AoSMCs to pro- Moderate hypoxia has no effect on aortic smooth muscle cells (AoSMCs). AoSMCs were exposed to short (4 h) or long (60 h) duration hypoxia (1 or 4% O2) or control (20% O2) conditions. A: immunoblot assays of HIF-1␣ and PHD2 protein in AoSMCs exposed to hypoxia. Data are normalized to actin and expressed relative to 20% O2. Bar graph shows means Ϯ SE from 3-4 experiments. B: HIF-1␣ and PHD2 mRNA levels in AoSMCs exposed to hypoxia (60 h; 4% O2) (n ϭ 3-5). C: HIF-1 target gene expression in AoSMCs exposed to hypoxia for 60 h (n ϭ 3 each). For B and C, data are normalized to cyclophilin and expressed relative to 20% O2 values. *P Ͻ 0.05 vs. 20%.
longed moderate hypoxia (4% O 2 ; 60 h) had no detectable effect on HIF-1␣ or PHD2 protein levels (Fig. 7A) . In contrast, HIF-1␣ protein levels were increased after exposure to short-term (4 h), severe hypoxia (1% O 2 ). In AoSMCs, exposure to prolonged, moderate hypoxia also had no effect on the expression of HIF-1␣ or PHD2 mRNA (Fig. 7B ) or HIF-1 target genes (Fig. 7C) . We next determined whether the lack of effect of moderate hypoxia on AoSMCs might be due to a differential response of AoSMCs to ET-1. We found that ET-1 challenge had no effect on HIF-1␣ and PHD2 mRNA or protein levels in AoSMCs (Fig. 8, A  and B) . Moreover, HIF-1 target gene expression was not altered by ET-1 treatment of AoSMCs (Fig. 8C) . To determine whether the lack of effect of ET-1 on HIF-1␣ levels in AoSMCs was due to differential ET-1 signaling between PASMCs and AoSMCs, we tested the effect of ET-1 on [Ca 2ϩ ] i , ROS formation, and ERK1/2 activation. We found that the increase in both [Ca 2ϩ ] i and ROS in response to ET-1 in AoSMCs (Fig. 8, D-F) was similar to that observed in PASMCs. In contrast to PASMCs, however, ET-1 did not cause activation of ERK1/2 in AoSMCs (Fig. 8G ).
DISCUSSION
In this study, we demonstrated that ET-1 increased HIF-1␣ accumulation, enhanced expression of HIF-1 target genes under nonhypoxic conditions, and was required for the induction of HIF-1 in PASMCs exposed to moderate hypoxia. Our results indicate that the ET-1-induced increase in HIF-1␣ protein levels involves both increased synthesis and decreased degradation of HIF-1␣ as a result of increased [Ca 2ϩ ] i and ROS, and subsequent ERK1/2 activation (Fig. 9) . Moreover, the effects of ET-1 on HIF-1 appear to be specific for PASMCs, since similar effects were not observed in AoSMCs.
That ET-1 induced HIF-1␣ protein accumulation in PASMCs is consistent with studies of human melanoma and ovarian cancer cells (52) (53) (54) . ET-1 induced HIF-1␣ accumulation was also observed in lymphatic endothelial cells (51) ET-1 indicates that not all cells possess the ability to respond to ET-1 in the same manner.
ET-1 increases [Ca 2ϩ ] i in PASMCs (50) and induces generation of ROS and activation of ERK1/2 in a variety of vascular smooth muscle preparations (13, 29, 62, 67) . We verified that ET-1 increased ROS levels and activated ERK1/2 in PASMCs and that increased [Ca 2ϩ ] i was necessary for both responses. Ca 2ϩ -dependent ROS generation may be due to the action of NADPH oxidase (Nox) (18, 28) , since ROS generation was inhibited by the Nox inhibitor DPI; however, DPI binds nonspecifically to flavins and also inhibits other oxidases. The activation of ERK1/2 depended on increased ROS levels, since antioxidants blocked ET-1-dependent ERK1/2 activation. ET-1 also increased [Ca 2ϩ ] i and ROS levels in AoSMCs, consistent with previous reports (21, 31, 41) , but did not activate ERK1/2 or induce HIF-1␣ protein accumulation. The mechanism by which ROS leads to ERK1/2 activation in PASMCs is unclear, as is the reason why ET-1-induced increases in ROS do not activate ERK1/2 in AoSMCs. Other laboratories have also failed to find activation of ERK1/2 by ET-1 in aortic smooth muscle (38) , although some studies found that high concentrations of ET-1 (Ն10 Ϫ7 M) could activate ERK1/2 in AoSMCs (10, 17, 31, 38, 68) . However, unlike PASMCs, in these studies the effects of ET-1 on ERK1/2 were independent of Ca 2ϩ (10) and ROS (17).
ET-1-induced induction of HIF-1␣ in the absence of hypoxia does not appear to be due to direct inhibition of PHD activity, as HIF-1␣ protein accumulation in response to ET-1 required Ͼ24 h to become significant, whereas HIF-1␣ accumulation was observed with severe hypoxia by 4 h. Instead, our data indicate that ET-1 both increased synthesis of HIF-1␣ (as a result of increased HIF-1 mRNA levels) and decreased expression of PHD2, with the latter likely leading to decreased degradation of HIF-1␣. Previous studies have shown that PHD2 and PHD3 mRNA expression can be regulated by hypoxia, via HIF-1-dependent transcriptional activation (3, 5, 36) , and by physiological stimuli other than hypoxia, including estrogen, transforming growth factor-␤, p53, platelet-derived growth factor, and angiotensin II (33, 37, 47, 65) . Our data indicate that ET-1 also regulates PHD2 expression through a mechanism requiring activation of ET A receptors, Ca 2ϩ influx, increased ROS levels, and activation of ERK1/2. In melanoma cells, the effects of ET-1 on PHD2 mRNA levels were mediated by the ET B receptor subtype and rely on activation of the phosphatidylinositol 3-kinase-AKT-mTOR pathway (52) . Thus the effect of ET-1 on PHD2 expression, as well as the mechanism involved, appears to be cell type specific.
The accumulation of HIF-1␣ protein triggered by ET-1 results in the transcriptional activation of HIF-1 target genes, as indicated by increased HIF-1 DNA-binding activity and increased levels of mRNAs encoding HIF-1 target genes. HIF-1 transcriptional activity is negatively regulated by O 2 -and FIH-1-dependent hydroxylation of HIF-1␣ at an asparagine residue within the transactivation domain, which prevents binding of the coactivators CBP/p300 (34) . That ET-1 induced the expression of HIF-1 target genes suggests that ET-1 also altered FIH-1 activity, although the mechanism by which this occurs does not appear to involve a reduction in FIH-1 mRNA levels. Instead, Ca 2ϩ -and ROS-dependent phosphorylation of p300 may stimulate HIF-1␣-p300 interactions, as seen in cells subjected to intermittent hypoxia (71) .
During hypoxia, PASMCs exhibit increased HIF-1␣ protein levels. When the hypoxic stimulus is severe (i.e., 1-2% O 2 ), accumulation of HIF-1␣ protein occurs rapidly, as a consequence of inhibited PHD catalytic activity due to reduced substrate (O 2 ) or generation of mitochondrial ROS (9) . With more moderate hypoxia, as used in the present study, rapid accumulation of HIF-1␣ was not observed in PASMCs, suggesting that inhibition of PHD catalytic activity is minimal. With longer duration of moderate hypoxia, HIF-1␣ accumulation becomes evident, and is associated with increased HIF-1␣ and decreased PHD2 mRNA levels. We previously showed that PASMCs release ET-1 in response to hypoxia (63) . Our results using a highly specific ET A receptor antagonist indicate that increased elaboration of ET-1 during moderate hypoxia was required for induction of HIF-1␣, as well as the hypoxiainduced changes in HIF target gene expression. In contrast, rapid induction of HIF-1␣ accumulation in response to severe hypoxia was not altered by ET receptor inhibition, confirming that ET-1 does not play an essential role in activating HIF-1 under those conditions.
We previously demonstrated that hypoxia-induced pulmonary hypertension is critically dependent on the activation of HIF-1 (70) . Moreover, ET-1 levels are elevated in chronically hypoxic animals and in patients with hypoxia-associated pulmonary hypertension (20) and ET receptor antagonists prevent ]i levels, ROS generation, and ERK1/2 activation. This leads to increased HIF-1␣ and decreased PHD2 mRNA and protein levels. HIF-1 activates Trpc1 and Nhe1 gene expression, whereas Kv1.5 gene expression is inhibited. These changes in gene expression lead to enhanced PASMC contraction, proliferation, and migration, which contribute to the pathogenesis of pulmonary hypertension.
and/or reduce pulmonary hypertension in animal models (6, 11, 14, 15) and have beneficial effects in patients (19) . Previously, the effects of these drugs have been attributed to either alleviation of vasoconstriction or inhibition of ET-1-induced mitogenic effects. The finding of increased HIF-1␣ mRNA and decreased PHD2 expression in pulmonary vascular smooth muscle from chronically hypoxic rats, where we have previously demonstrated changes in HIF-1 target gene expression (48, 49, 61, 63) and where ET-1 levels are elevated (32, 43) , is consistent with the possibility that ET-1 also contributes to pulmonary hypertension by activating HIF-1. Indeed, the increased HIF-1␣, and decreased PHD2, mRNA levels observed in pulmonary vascular smooth muscle from rats exposed to hypoxia in vivo for only 24 h were completely prevented in rats treated with an ET A receptor antagonist, further supporting a role for ET-1 in regulating the HIF pathway in vivo. Whether ET-1 also mediates the rapid, transient increase in HIF-1␣ mRNA observed in lung tissue from mice exposed to more severe FI O 2 remains to be determined; however, since HIF-1␣ mRNA levels returned to baseline within 4 h in those studies (64), the mechanisms involved may be different. Both increased ET-1 levels (in lungs and plasma) and HIF-1␣ levels (in lungs) have been reported in pulmonary hypertension patients without associated hypoxemic lung disease (7, 20, 46, 59) , offering further supporting evidence that elevated ET-1 levels in the absence of hypoxia can be associated with increased HIF-1␣ levels, although whether ET-1 is responsible for the increased HIF-1 activation under these conditions has yet to be evaluated. The fact that ET receptor antagonists are less effective in patients might reflect the complexity of human disease, in which other factors may share the ability to induce HIF-1 in a manner similar to ET-1. HIF-1 inhibitors block the development of pulmonary hypertension in animal models (1) , suggesting that clinical trials of these drugs are warranted.
In summary, we have demonstrated that ET-1 is essential for induction of HIF-1␣ in PASMCs during moderate hypoxia via a mechanism requiring Ca 2ϩ influx through VGCCs, increased ROS levels, and activation of ERK1/2. This mechanism is not observed in AoSMCs and thus may explain the differential effects of hypoxia on these cell types and why chronic hypoxia causes vasoconstriction, vascular remodeling, and hypertension selectively in the pulmonary circulation.
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